To identify differentially expressed glycogenes in trabecular meshwork (TM) of eyes with primary open-angle glaucoma (POAG). METHODS. Total RNA was isolated from TM of cadaveric eyes derived from donors with diagnosed glaucomas of different etiologies and from normal control subjects. RNA was amplified and hybridized to the GLYCOv2 oligonucleotide microarray that contains probes for carbohydrate-binding proteins, glycosyltransferases, and other genes involved in the regulation of glycosylation. Statistical analysis was used to identify differentially expressed genes between normal and POAG samples. RESULTS. This study revealed that POAG TM and normal TM have distinct gene expression profiles. Of the 2001 genes on the array, 19 genes showed differential expression of greater than 1.4-fold in POAG. Mimecan and activinA, which have been shown to be upregulated in models of glaucoma, were both found to be elevated in POAG TM. Many genes were identified for the first time to be differentially regulated in POAG. Among the upregulated genes were: (1) cell adhesion molecules including platelet endothelial cell adhesion molecule-1 and P-selectin, both of which are targets of NFB, which has been shown to be activated in glaucomatous TM; (2) lumican, a core protein of keratan sulfate proteoglycans; and (3) the receptor for IL6, a cytokine that has been shown to be upregulated in TM in response to elevated intraocular pressure. Among the downregulated genes were chondroitin-4-O-sulfotransferase involved in the synthesis of chondroitin sulfate chains and the receptor for PDGF␤, a growth factor that has been shown to stimulate both TM cell proliferation and phagocytic activity. Results for several genes were confirmed by RTq-PCR. CONCLUSIONS. Microarray technology was used to show, for the first time, that POAG TM has a distinct glycogene expression profile. Differentially expressed glycogenes identified in this study have not been previously investigated for their role in the pathogenesis of POAG and thus are novel factors for further study of the mechanism of the disease and for their possible use as diagnostic markers. (Invest Ophthalmol Vis Sci.
been shown to stimulate both TM cell proliferation and phagocytic activity. Results for several genes were confirmed by RTq-PCR. CONCLUSIONS. Microarray technology was used to show, for the first time, that POAG TM has a distinct glycogene expression profile. Differentially expressed glycogenes identified in this study have not been previously investigated for their role in the pathogenesis of POAG and thus are novel factors for further study of the mechanism of the disease and for their possible use as diagnostic markers. T he tissues of the aqueous outflow pathway and specifically the trabecular meshwork (TM) have long been thought to play a pivotal role in facilitating the outflow of aqueous humor and in maintaining proper intraocular pressure (IOP). Although the molecular mechanism responsible for the resistance to outflow in primary open-angle glaucoma (POAG) has not been elucidated, it is generally accepted that the integrity of the TM and proper function of TM cells are prerequisites for the maintenance of the normal outflow system. The need to identify functional differences between normal and glaucomatous TM cells has been recognized for many years, and a large body of research is geared toward finding these differences. To date, global comparisons of gene expression patterns using highthroughput methods such as microarrays have only been used to compare normal TM tissue or cultured cells with models of POAG. These models are cultured normal cells treated with glucocorticoid (dexamethasone) [1] [2] [3] or TGF␤ 4 and whole TM tissue in organ culture perfused with high pressure. 5, 6 The survival of TM cells and their proper adhesion to the extracellular matrix (ECM) are crucial for their proper function and ability to maintain outflow facility. In nonocular studies, carbohydrate-based recognition systems have been implicated in cell death mechanisms [7] [8] [9] [10] and in cell-cell and cell-ECM interactions. 9 -14 This body of data, combined with the finding that E-selectin (ELAM-1), a carbohydrate-recognizing protein, is a marker for glaucomatous TM, 15 lead us to hypothesize that carbohydrate-based recognition systems are involved in the pathogenesis of POAG. To test this hypothesis, we used a glycogene microarray to compare glycogene expression profiles of whole TM tissues from normal and glaucomatous eyes obtained from human donors. The array contains probe sets for 2001 murine and human gene transcripts coding for carbohydrate-binding proteins, glycosyltransferases, glycosidases, and carbohydrate sulfotransferases-genes that are not well represented in most commercially available microarrays. The study revealed that POAG TM and normal TM have distinct glycogene expression profiles. We also have identified specific glycogenes whose differential expression in the diseased tissue may have an effect on the disease process. Among these are genes that are involved in ECM remodeling such as lumican, iduronate-2-sulfatase (IDS), and chondroitin-4-O-sulfotransferase, and cell adhesion molecules such as platelet endothelial cell adhesion molecule (PECAM)-1 and E-and P-selectins.
MATERIALS AND METHODS

Tissue Handling and RNA Extraction
Ten pairs of human eyes from donors between 66 and 87 years of age (normal, n ϭ 4; POAG, n ϭ 3; low-tension glaucoma, n ϭ 1; suspected glaucoma, n ϭ 2; Table 1) were obtained from the Central Florida  Lions Eye and Tissue Bank (Tampa, FL) or from the National Disease Research Interchange (Philadelphia, PA). Assignment of samples to study groups-normal, POAG, and non-POAG glaucoma-was based on diagnosis and medical information supplied by the donors' treating ophthalmologists through a detailed questionnaire distributed by the eye banks. The study was approved by the Tufts University Internal Review Board and was conducted in accordance with the Declaration of Helsinki and HIPAA (Health Insurance Portability and Accountability Act of 1996) regulations. Eyes were enucleated within 6 hours after death and preserved for RNA extraction (RNALater; Ambion, Austin, TX) after a ϳ1-cm slit was made at the equator. The trabecular meshwork was dissected within 24 hours after death in a manner previously described 16 with extra care to avoid contamination of TM samples with iris, corneal, scleral, and ciliary body tissues. Immediately after dissection, tissues were stored at Ϫ80°C until use. Total RNA was isolated from tissue with a kit (RNeasy; Qiagen, Chatsworth, CA), as described. 5 Briefly, frozen tissue was crushed on dry ice with a clean pestle; suspended in guanidine thiocyanate buffer (Buffer RLT, RNeasy kit; Qiagen) and loaded onto a column (QIAshredder; Qiagen). Eluent from the column was subjected to RNA extraction (RNeasy; Qiagen), and RNA molecules selectively bound to a silica gel base were eluted with 30 L of RNAase-free water. The quality and yield of each RNA preparation was determined (Bioanalyzer 2100 with RNA Pico LabChips; Agilent, Waldbronn, Germany).
Microarray Hybridization and Data Analysis
For preparation of hybridization probes, 100 ng of each RNA sample was subjected to two rounds of T7 RNA polymerase amplification according to a modified Baugh/Harvard protocol (http:// www.scripps.edu/researchservices/dna_array/pdf%20files/ Affymetrix%20Small%20Sample%20Protocol.pdf). The resultant product of the second round of cDNA synthesis was used as the starting material for in vitro transcription incorporating biotin labeled ribonucleotides. Labeled cRNA was fragmented, hybridized to GLYCOv2 microarrays, and scanned according to standard microarray protocols (Gene-Chip; Affymetrix, Santa Clara, CA). The glycogene microarray GLYCOv2 is an oligonucleotide microarray (Affymetrix) and was provided for our use by the Consortium for Functional Glycomics at the Scripps Institute. The array contains probe sets for 2001 murine and human gene transcripts coding for carbohydrate-binding proteins, glycosyltransferases, glycosidases, and carbohydrate sulfotransferasesgenes that are involved in the regulation of glycosylation. In this array, transcripts are detected by three identical probe sets for each glycogene, each probe set consisting of 11 probe pairs. Each probe pair is made up of one 25-bp perfect-match oligonucleotide that matches the sequence of the targeted transcript and one oligonucleotide designed with a mismatch at the center position. In addition to probes for glycogenes, the array contains probes for selected cytokines, growth factors, and their receptors. A complete list of probe sets and annotation for the GLYCOv2 oligonucleotide array is available at http:// www.functionalglycomics.org/static/consortium/resources/resourcecoree. shtml/.
Expression signal values were generated with the RMA algorithm (http://www.stat.berkeley.edu/ϳbolstad/RMAExpress/RMAExpress. html/), which models the performance of the perfect-match probe sets with all chips used in the study. This model is then used to calculate quantile normalized, background subtracted, base 2 log-transformed expression values for all probe sets used in the analysis.
Hierarchical clustering was preformed based on all analyzed genes using centered correlation and average linkage with the software BRB ArrayTools 3. Transformed expression values for replicated probe sets were averaged to generate a single expression value for each probe set. A detection call filter to remove absent genes from further analysis was not used in this study, because the two-round amplification protocol used in this study has been shown to be capable of inhibiting the ability of the GCOS algorithm to make present detection calls. 17 To identify statistically significant changes in gene expression, BRB ArrayTools 3.2.2 software was used for class comparison. The class comparison test was conducted with a univariate ␣-level cutoff of 0.05 and multivariate permutation-based false-discovery rate calculation. The predicted proportion of false discoveries was preset at 10%. A falsediscovery rate calculation was set at a confidence level of 80%, assuming a ␤-risk of 0.2. Differentially expressed genes were visualized using Cluster and Tree View software packages for heat map creation (Eisen Laboratory, University of California Berkeley, Berkeley, CA; http://rana.lbl.gov/EisenSoftware.htm). For this, each individual gene was compared with median unlogged RMA signal intensities, using the POAG and normal arrays in the study. Differences from the median were represented in varying intensities of green (decreased change [x-fold] compared with the median) and red (increased change compared with the median).
Differentially expressed genes were subjected to further analysis to gain insight into their biological functions. 
Real-Time Quantitative RT-PCR
Real-time quantitative reverse transcription-polymerase chain reaction (RT-qPCR) was performed (Mx4000 real-time PCR machine; Stratagene, La Jolla, CA). The same total RNA extractions were used for both microarray and PCR analysis. Briefly, cDNA was synthesized from 25 ng total RNA (High Capacity kit; Applied Biosystems, Inc.
[ABI], Foster City, CA), according to the manufacturer's instructions. Another kit was used for PCR amplification (Assays-on-Demand Gene Expression Products; ABI). PCR (TaqMan; ABI) was performed in duplicate or triplicate with 1.25 ng cDNA, inventory gene-specific primers (ABI), and master mix (TaqMan Universal PCR Master Mix; ABI) containing ROX as a passive reference, according to the manufacturer's instructions. Reactions performed in the absence of template served as the negative control. The specific ABI catalog numbers for primer sets used in this study include: ␤-actin: HS99999903_m1, E-selectin: HS00174057_m1, P-selectin: HS00174583_m1, ICAM1: HS00164932_m1, PECAM1: HS00169777_m1, activin A: HS00170103_m1, and lumican: HS00158940_m1. For amplification, after an initial denaturation step (95°C for 10 minutes) to activate the DNA polymerase (Amplitaq Gold; ABI), the reactions were subjected to 50 cycles involving denaturation (95°C for 15 seconds) and annealing plus extension (60°C for 1 minute). Fluorescent signals were recorded once per cycle with a detector corresponding to FAM. Data analysis was performed (Mx4000 software version 2; Stratagene). To normalize the non-PCR-related fluctuations between wells, we measured each fluorescent reporter signal against the ROX (internal reference dye) signal. An amplification plot showing the increase in the FAM fluorescence with each cycle of PCR (⌬Rn) was generated for every sample. A threshold cycle value (C t ) was calculated from each amplification plot. The C t represented the PCR cycle number at which fluorescence was detectable above an arbitrary threshold, based on the variability of the baseline data during the first 15 cycles. All C t s were obtained in the exponential phase. Quantification data of each gene were normalized to the expression of ␤-actin which served as a positive amplification control. A value of 1.0 was assigned to the expression of each gene in the NTM 105 specimen which served as a calibrator. The expression values for all other specimens were calculated as change in expression level with respect to NTM 105.
RESULTS
RNA Yield and Quality
Total RNA extracted from whole TM tissue was run on a bioanalyzer (model 2100; Agilent) for quantity and quality assessment. RNA extractions from whole TM tissues yielded between 90 and 1900 ng RNA/eye, with an overall tendency for lower yields in the POAG eyes (145 Ϯ 56 ng/eye, n ϭ 3), compared with other groups (normal: 280 Ϯ 138 ng/eye, n ϭ 4; non-POAG glaucoma: 1325 Ϯ 513 ng/eye, n ϭ 3). The yield of RNA was significantly higher from non-POAG eyes than from normal and POAG eyes, despite the extreme care taken to avoid contamination with ciliary, corneal, or scleral tissues. The quality of RNA was uniform across samples, with rRNA ratio (28S/18S) ranging between 1 and 1.2. In Figure 1 are representative electropherograms and gel-like images showing that, in all samples, 18S and 28S gel bands and graph peaks are dominant and the amount of low-molecular-weight RNA is insignificant, indicating minimal RNA degradation in the samples. Although the 28S/18S ratio that is considered to represent the best RNA quality is 2:1, it has been reported that ratios as low as 0.4 are adequate for microarray hybridization, as long as RNA degradation is minimal and 28S and 18S RNA are the two major components detected in electropherograms. 18 Thus, all RNA preparations used in this study were deemed satisfactory for hybridization to the chips.
Hierarchical Clustering
To gain better understanding of the relationship between sample data sets, we used an unsupervised hierarchical clustering by sample strategy that provides a step-wise analysis of the similarity in overall gene expression profiles between individual samples. The relationship is presented graphically in a dendogram (Fig. 2) , where samples cluster closer to each other the more their respective gene expression profiles resemble one another. As shown in Figure 2 , all POAG samples clustered together on one side of the dendogram, whereas three of four normal samples clustered on the other side of the dendogram, suggesting that differences in the expression profile correlated with the existence of POAG in the sample and were not random. TM sample N138, a normal control that clustered with glaucoma samples, was derived from a patient who had eye surgery for the implantation of an intraocular lens shortly before death. In this type of surgery, there is a routine use of glucocorticoid-containing eye drops. Glucocorticoids have been known for many years to cause a specific steroid-induced form of POAG 19 and thus may be the reason that this donor's TM expressed genes in a manner similar to that of POAG samples. Also, cataract surgery may have caused a stress response resulting in IL1 secretion, 20 leading to a gene expression pattern similar to POAG TM. TM sample G123, which was derived from a patient with low-tension glaucoma, clustered with the POAGs. TM samples from patients G125 and G131 who had suspected glaucoma clustered together with the normal group. TM sample G125 was derived from a patient with pseudoexfoliative syndrome which may predispose the eye to POAG but does not constitute a full-blown POAG by itself. 21 Indeed, the patient was given the diagnosis of glaucoma only a short time before death and at the time of death showed no cupping of the optic nerve head with an IOP Ͻ21 mm Hg without medication (Table 1) . TM sample G131 was derived
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Identification of Differentially Expressed Genes in TM Derived from POAG Eyes
The present study had a two-tiered goal: to find out whether patients with POAG have a distinct pattern of gene expression that distinguishes them from normal subjects and the non-POAG glaucomas and to look into any pattern that emerges from the analysis to elucidate possible mechanisms of the pathogenesis of the disease. To achieve these goals, we first used TM from eyes with glaucoma of various etiologies and normal control subjects and performed an unsupervised hierarchical clustering by sample. These analyses revealed that POAG TM has a distinct gene expression profile that sets it apart from normal and non-POAG TM (Fig. 2) . Using a BRBArrayTools class comparison t-test, we then analyzed POAGs versus normal subjects only, since non-POAG glaucomas are various biological entities that could not be grouped for any meaningful conclusion. This analysis identified sixty differentially expressed genes (Ͼ1.1-fold change, P Ͻ 0.05) between the normal and POAG groups. The 60 differentially expressed genes were visualized by using Cluster and Tree View software for heat map creation (Fig. 3) . As shown in Figure 3 , in a graphical representation of gene expression profiles of these 60 genes, POAG and normal samples show a distinct profile of gene expression. Together, data presented in Figures 2 and 3 suggest that POAG samples form a distinct group, characterized by a specific gene expression pattern that is likely to be relevant to the disease process. For further analyses, genes were defined as differentially expressed if there was a Ͼ1.4-fold difference between the normal and POAG groups. Using this threshold, we pared the list of 60 statistically significant genes down to 19 genes to be used in further analyses (Table  2) . Although a detection call filter was not applied to the raw data, 18 genes at the 1.4-fold change level showed "present" detection in at least one probeset on the array for all three POAG samples, despite some cases of very low RMA signal intensities (Ͻ25). For clarity, genes listed in Table 2 are grouped according to their involvement in specific cellular processes, as determined by the DAVID software. Of these 19 differentially expressed genes, the expression of 13 was up- regulated and that of 6 genes was downregulated in POAG TM compared with normal TM (Table 2) ; 10 are glycogenes, and the remaining are either cytokines and their receptors (CCL2, CCL5, IL6R) or growth factors and their receptors (PDGFRB, BMP4, MST1); and 26% fell in the cell-adhesion category, 21% in apoptosis, 47% in cell communication and 31% in macromolecule metabolism with some genes falling in more than one category.
RT-qPCR Confirmation of Differentially Expressed Genes
We used gene-specific RT-qPCR to confirm the differential expression of five selected genes. We chose these genes only because they are differentially expressed and can be taken as examples to confirm the reliability of the microarray data. A housekeeping gene, ␤-actin, served as the control. For the most part, the RT-qPCR data were in agreement with those obtained by array hybridization. In general, for genes measured by RTqPCR, the mRNA levels were shown to change in the same direction as the changes measured by the microarray detection (Fig. 4A) . PECAM-1, lumican, activin A, and P-selectin, which were found to be upregulated in POAG specimens by microarray, were all detected in higher amounts in the POAG specimens compared with normal subjects, by RT-qPCR. Compared with microarray analysis, the change (x-fold) detected by RTqPCR was higher for PECAM-1 lumican and P-selectin, similar for activin A, and lower for ICAM-1 (Fig. 4A) . As described earlier, E-selectin has been shown to be a marker for glaucomatous TM. Analysis of hybridization intensities for the individual probes of the human E-selectin probe set revealed very high background noise, suggesting that the E-selectin probe set in the GLYCOv2 array was defective. Therefore, it was not possible to asses the E-selectin expression pattern in the present study by microarray hybridization. However, we did compare E-selectin expression levels in normal and POAG samples by RT-qPCR. As seen in Figure 4B , like P-selectin which was shown to be differentially expressed in our microarray data, E-selectin showed profoundly elevated expression levels in POAG samples compared with normal samples.
DISCUSSION
In the present study, gene array technology was used for the first time to examine differential gene expression in the TM of POAG eyes. For this study, a custom microarray (Affymetrix), GLYCOv2, focused on genes participating in carbohydratebased recognition systems, was used. This analysis focused on transcriptional regulation of carbohydrate-binding proteins, glycosyltransferases, glycosidases, carbohydrate sulfotransferases, and sulfatases as well as selected cytokines and growth factors. The GLYCOv2 array is a robust tool because it has three probe sets for every glycogene, each of which comprises 11 oligonucleotides and 11 mismatched counterparts for control, bringing the overall level of scrutiny to 33 times per gene. Combining this with the use of at least three different TM specimens for each group, we attribute a high level of confidence to our findings that were further validated by RT-PCR. As described earlier, to date, global gene expression studies in TM have compared normal TM tissue or cultured cells to models of POAG involving cells treated with dexamethasone or TGF␤, or whole TM tissue harvested from eyes in organ culture after perfusion at high pressure. Clearly, the present study involving evaluation of gene expression in the whole tissue, as opposed to cultured cells, and of diseased sample versus normal sample as opposed to model sample versus normal sample brings us a step closer to observing the in vivo disease condition.
Comparison of gene expression profiles of normal and POAG TM revealed that POAG TM tissues have a unique glycogene expression pattern that defines them as a group distinct from normal. Indeed, some of the genes that we found to be differentially expressed were found in model systems as well. For example, mimecan and activinA, which were found to be elevated in POAG in the present study, have been reported to be upregulated by treatment of TM with TGF␤. 4 In contrast, clusterin which has been shown to be elevated in response to dexamethasone treatment 2 was found to be downregulated in all POAG specimens analyzed in the present study. This is not surprising, considering that there is no indication that the POAG samples used in the present study were derived from patients incurring glaucoma as a result of corticosteroid exposure. In addition, corticosteroid exposure may not induce the same results in situ and in culture. For instance, dexamethasone treatment of cultured rat thymocytes causes elevation in clusterin expression 23 but in vivo dexamethasone does not affect clusterin expression in the rat thymus. 24 Another gene, MCP-1 which has been shown to be downregulated in TM cells 
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Glycogene Expression Analysis of Normal and POAG TM 1495 treated with TGF␤, 4 was found to be upregulated in all three POAG specimens analyzed in this study. This too is not surprising, because TGF␤ has been shown to inhibit NFB signaling in nonocular systems. 25 Because MCP-1 is a target of NFB, it is reasonable to expect that TGF␤ treatment of normal cells would result in decreased expression of MCP-1. Based on the same reasoning, if NFB is constitutively activated in POAG TM, as has been shown before, 15 an increased expression of NFB targets such as MCP-1 would be expected. Significantly, our study has identified a novel set of genes that are reported herein for the first time to be differentially expressed between normal and POAG TM. Although it is beyond the scope of this Genes are considered differentially expressed when there is a difference of 1.4-fold or more between the geometric mean signal of the POAG group (n ϭ 3) and the normal group (n ϭ 4). * BMP4 and BMP2B are the same gene, submitted under different accession numbers. The data were normalized against ␤-actin and the x-fold change was calculated, with NTM 105 used as a calibrator (n ϭ 6 or more derived from at least two different specimens). *P Ͻ 0.05 compared with normal.
report to highlight the potential significance of each altered gene, some genes are of unique interest and warrant specific mention. It has previously been reported that the glycosaminoglycan (GAG) content of TM extracellular matrix is altered in POAG. The keratan sulfate (KS) GAG content is reduced in POAG TM, and the chondroitin sulfate (CS) GAG content is elevated. 26 Our results suggest a putative feedback mechanism responding to this aberrant GAG composition. We found that the expression of lumican, the core protein of KS proteoglycan and of ␣ 1,6 fucosyltransferase (FUT8), an enzyme responsible for core fucosylation of N-glycans of keratan sulfate as well as other oligosaccharide chains, is upregulated in POAG TM. Lumican has been shown to induce apoptosis of keratocytes, and it has been shown that corneal keratocytes derived from lumican-null mice show a significant increase in proliferation and a decreased rate of apoptosis in situ and in culture compared with keratocytes derived from wild-type mice. These effects are reversed when cultured cells are made to express recombinant human lumican and keratocyte proliferation is reduced in the presence of exogenous recombinant human lumican in culture media. 27 Thus, it is logical to hypothesize that increased lumican expression in TM cells of POAG eyes may, at least in part, be responsible for reduced TM cell density that is known to be associated with POAG. 28 As stated earlier, it has been reported that CS content of GAG is elevated in POAG. 26 The present study revealed that iduronate-2-sulfatase (IDS), an enzyme participating in the degradation of CS, shows increased levels of expression in POAG TM, while chondroitin 4-O-sulfotransferase, involved in the biosynthesis of CS, showed reduced levels of expression in POAG TM. Chondroitin 4-O-sulfotransferase is responsible for the specific 4-O sulfation of chondroitin. The method used in published studies 26 for assessment of the GAG composition in normal and POAG TM used digestion by ABC chondroitin sulfate lyase. This approach cannot differentiate between 4-O sulfated, 6-O sulfated, and nonsulfated CS proteoglycans. It is therefore possible that, although there is an overall elevation in the levels of CS proteoglycans in POAG TM, these have a different sulfation pattern, such as a shift from 4-O sulfation to 6-O sulfation or an overall reduction in sulfation. Such a shift from 4-O sulfated CS to predominantly 6-O sulfated or nonsulfated CS GAGs has been found in scoliotic cartilage 29 and in pancreatic and various other types of carcinomas. 30 Although the exact effect of these sulfation pattern changes is still not well understood, it is possible that it plays a role in changing the ECM in a manner conducive to disease. Another gene with an elevated level of expression in POAG TM is the TGF␤ family member activinA (inhibin ␤A). This gene was also found to be upregulated in TM by TGF␤ 1 and by TGF␤ 2 treatments. 4 Activins have been shown to be expressed in a tissue-and process-specific manner, such that they are differentially expressed in various tissues during development, 31 wound healing, 32 and pregnancy. 33 They play diverse roles in key biological processes including cell cycle arrest and apoptosis 34 and have been shown to stimulate nuclear localization of NFB. 35 The diverse roles of activins in these key biological processes and the possible involvement of these functions in the pathogenesis of POAG make them an interesting subject for further study.
A unique inflammation-independent stress response has been reported to function in glaucomatous TM. In this positive feedback loop, glaucomatous TM cells constitutively secrete IL-1␣ and show nuclear localization of NFB. 15 In this respect, it is noteworthy that several of the genes that we found to have elevated expression in POAG have been shown to be NFB targets in nonocular studies. These include MCP-1, 36 RANTES, 37 PECAM1, 38 and P-selectin. 39 PECAM1 and P-selectin are membrane-spanning lectins that serve both as cell adhesion molecules and as signaling receptors. PECAM1 has recently been implicated in a negative-feedback loop in which its crosslinking leads to downregulation of NFB activity in activated endothelial cells. 40 It would be interesting to know whether activation of PECAM1 exerts a similar function in TM cells. In nonocular cells, activation of P-selectin by antibody cross-linking has been shown to transduce signals into endothelial cells, causing Ca 2ϩ spikes, stress fiber formation, and morphologic changes. 41 Because drugs that affect the cytoskeleton cause a reduction in outflow resistance, 42 it is reasonable to expect that activation of P-selectin by countereceptors may have an effect on outflow facility.
We found that the expression of the receptor for IL6 is elevated in POAG TM. In this regard, it has been shown that IL6 expression is elevated in TM in response to elevated IOP 5 and in a certain type of neovascular glaucoma. 43 IL6, a cytokine that mediates inflammatory responses, is known to increase the permeability of blood vessels. Thus, it is tempting to speculate that activation of IL6 signaling may have an impact on outflow facility. 5 The present study revealed that the expression of the PDGF␤ receptor is reduced in POAG. PDGF␤ has been shown to stimulate proliferation in TM cells, 44 to induce expression of various matrix metalloproteinases, 45 and to enhance TM phagocytic activity, 46 all of which are crucial functions of TM cells and are vital for the maintenance of proper outflow facility. The decrease in PDGF␤ receptor expression in POAG TM cells may perturb many of the PDGF␤-mediated functions, ultimately resulting in a reduction in outflow facility. In the present study, the expression of BMP2 and -4 (considered the same gene by some databases, but submitted under different accession numbers) was found to be downregulated in POAG. BMP2 and -4 and their receptors have previously been reported in the human TM. 47 A mouse with a heterozygous deficiency for the BMP4 gene shows anterior segment dysgenesis and elevated IOP. These abnormalities are very similar to those in developmental glaucoma 48 suggesting that a reduction in the BMP4 gene product is deleterious to the TM and to outflow facility.
It is important to determine whether one or more differentially expressed genes identified in the present study have the potential to serve as diagnostic markers of glaucoma. At present, the diagnosis of POAG is made by routine tonometry and by inspection of the optic nerve heads. 49 However, these methods are limited in diagnosis of the very early phase of POAG. During the early phase, IOP may not be significantly elevated, the optic nerve head may have little or no abnormalities, and POAG may still exist in the eye. By contrast, a molecular marker that differentiates glaucomatous TM from normal TM may help diagnose the disease at an early stage, before identifiable optic nerve head damage has occurred. Better yet, a multigene expression signature that can distinguish diseased tissue from normal would probably be more accurate and reduce the occurrence of false-positive diagnoses. Such signatures are in the process of development for the prognosis of treatment outcomes in various types of cancer. 50 -53 As useful and accurate as such a diagnostic tool may be, it is hard to imagine routine biopsies performed on TM for diagnostic purposes. Data generated from studies such as the current one may ultimately lead to the development of noninvasive approaches to diagnose the disease in the early phase. P-selectin, a cell adhesion lectin, identified in this study as overexpressed by POAG TM, has a soluble form, as does Eselectin which has been identified as a marker for glaucomatous TM and was validated by the present study. The soluble forms of P-and E-selectins have been found in serum in levels reflective of a disease state in various diseases 54 -59 including eye diseases. 60, 61 It is feasible then that the serum levels of these adhesion molecules may reflect the state of the TM in patients and may serve as diagnostic markers. In summary, the data presented in this communication strongly suggest involvement of carbohydrate-based recognition systems in the pathogenesis of glaucoma and identifies genes with differential expression between the normal and POAG tissue that makes them worthy of further investigation designed to understand the pathogenic mechanisms and identify diagnostic markers for glaucoma.
